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Delay between Fusion Pore Opening and
Peptide Release from Large Dense-Core Vesicles
in Neuroendocrine Cells
seconds, this process is almost 100-fold slower for neu-
ropeptides (Ohnuma et al., 2001) and usually requires
more intense stimulation (reviewed in Ho¨kfelt et al.,
2000). Although part of the latter difference could be
accounted for by postsynaptic events (Ohnuma et al.,
Sebastian Barg,1 Charlotta S. Olofsson,
Jenny Schriever-Abeln, Anna Wendt,
Samuel Gebre-Medhin, Erik Renstro¨m,
and Patrik Rorsman
Department of Molecular and Cellular Physiology
Institute for Physiological Sciences 2001), it is well established that slow release contributes
to the delay (Levitan and Kaczmarek, 1991; SchellerLund University
The Biomedical Center F11 and Hall, 1992). The reason for this difference remains
unestablished, but it has been proposed that LDCVs areLund SE-221 84
Sweden located farther away from the Ca2 channels than the
SVs.
Functional studies of the kinetics of secretion in a
variety of cells has led to the proposal of distinct func-Summary
tional pools of vesicles (Katz, 1966; Neher and Zucker,
1993; Heinemann et al., 1994; Eliasson et al., 1997). OnlyPeptidergic neurotransmission is slow compared to
that mediated by classical neurotransmitters. We have a small fraction of the synaptic vesicles, referred to as
RRP, are available for immediate release upon Ca2 in-studied exocytotic membrane fusion and cargo re-
lease by simultaneous capacitance measurements and flux. The remaining vesicles belong to a reserve pool,
which requires mobilization in an ATP-, Ca2- and tem-confocal imaging of single secretory vesicles in neuro-
endocrine cells. Depletion of the readily releasable perature-dependent fashion prior to release (Holz et al.,
1989; Bittner and Holz, 1992; Parsons et al., 1995). Elec-pool (RRP) correlated with exocytosis of 10%–20% of
the docked vesicles. Some remaining vesicles became tron microscopy on various neuronal and endocrine cells
(von Gersdorff et al., 1996; Plattner et al., 1997; Steyerreleasable after recovery of RRP. Expansion of the
fusion pore, seen as an increase in luminal pH, oc- et al., 1997) has revealed a subset of secretory vesicles
that is docked beneath the plasma membrane, but thecurred after 0.3 s, and peptide release was delayed
by another 1–10 s. We conclude that (1) RRP refilling precise relationship between the docked pool and RRP
is not entirely clear. It has been suggested that RRPinvolves chemical modification of vesicles already in
place, (2) the release of large neuropeptides via the refilling does not necessarily involve physical transloca-
tion of secretory vesicles in chromaffin cells and bipolarfusion pore is negligible and only proceeds after com-
plete fusion, and (3) sluggish peptidergic transmission neurons (Steyer et al., 1997; Zenisek et al., 2000).
We have targeted enhanced green fluorescent proteinreflects the time course of vesicle emptying.
(EGFP) as a releasable fusion protein to the secretory
vesicles of INS-1 and PC12 cells, two widely used mod-Introduction
els for secretion (Lang et al., 1997; Greene and Tischler,
1976). Imaging of fluorescently labeled exocytotic vesi-Neurons and (neuro-)endocrine cells release neurotrans-
mitters and hormones by regulated exocytosis of synap- cles has established the usefulness of such methodol-
ogy (Steyer et al., 1997; Zenisek et al., 2000; Pouli et al.,tic vesicles (SV) or large dense core vesicles (LDCV). A
vast body of molecular and physiological data has led 1998; Burke et al., 1997, Oheim et al., 1999; Williams
and Webb, 2000), but so far, these measurements haveto a unifying model for this process (reviewed in Calakos
and Scheller, 1996). This model applies to both neuro- not been correlated with other assays of exocytosis. In
this study, secretory vesicle dynamics was analyzedtransmission and hormone release from a variety of neu-
roendocrine cells and outlines a molecular mechanism by real-time, confocal imaging of individual vesicles in
combination with high-resolution, single-cell capaci-for membrane fusion involving a large number of pro-
teins, including the SNARE family of proteins. Experi- tance measurements. This approach allowed us to both
determine the relationship between preexocytotic pro-mental maneuvers that interfere with these proteins
have profound effects on the release process (Augustine cesses and secretion and to compare the time course
of membrane fusion with that of cargo release from theet al., 1996).
Classical neurotransmitters such as ACh and gluta- vesicle lumen. We demonstrate that the latter process
is considerably slower than expected from capacitancemate are stored in SVs, whereas hormones and neuro-
peptides are contained in LDCVs. The molecular ma- measurements. It is suggested that the fusion pore must
dilate extensively to allow peptide release and that effluxchinery participating in the release of the two classes
of vesicles shows great similarities, and data derived through the fusion pore is insignificant in peptidergic
neurotransmission.from neurons can often be extrapolated to the situation
in neuroendocrine cells and vice versa (Neher, 1998).
However, an important difference exists with regard to Results
speed. Whereas classical neurotransmitters are re-
leased and give rise to postsynaptic currents within milli- Targeting EGFP to Exocytotic Vesicles
To label the contents of LDCV, we transfected clonal,
insulin-producing INS-1 cells with IAPP-EGFP (islet am-1 Correspondence: sebastian.barg@mphy.lu.se
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Figure 1. IAPP-EGFP Is Targeted to Secre-
tory Vesicles
(A) Predicted protein product of pIAPP-EGFP.
EGFP is fused to the C-terminal end of pre-
proIAPP. Signal peptide (SP), propeptides
(PRO-1; PRO-2), and putative proteolytic
cleavage sites are indicated by an asterisk.
(B–D) Confocal micrographs of aldehyde-
fixed INS-1 cells showing the distribution of
IAPP-EGFP (B), phogrin (C), and the overlay
(D). Scale bar: 5 m. The insets in the lower
right corner show the indicated part of the
cell 2-fold magnified.
yloid polypeptide; Figure 1A). Vesicle-like EGFP fluores- croscopy (Steyer et al., 1997; Oheim et al., 1999; Han
et al., 1999b; Oheim and Stu¨hmer, 2000).cence was observed both in the center of the cell and
as a rim beneath the plasma membrane. Many cells also
contained an area of diffuse perinuclear fluorescence, Imaging of Single Vesicle Exocytosis
possibly representing IAPP-EGFP in transit. Preliminary INS-1 cells are capable of Ca2-dependent exocytosis
experiments revealed that although EGFP fluorescence (Lang et al, 1997). Figure 3 shows an experiment in
often colocalized with insulin, most EGFP-containing which an INS-1 cell transfected with IAPP-EGFP was
vesicles contained little or no insulin (not shown). To stimulated with a 300 ms depolarization from 70 mV
ascertain that the EGFP-labeled structures represent to 0 mV. Exocytosis was studied in parallel, applying
true secretory vesicles, we used an antibody directed whole-cell capacitance measurements and simultane-
against phogrin, a specific marker of LDCV (Wasmeier ous confocal imaging of single-vesicle release at the
and Hutton, 1996). It then became apparent that nearly bottom of the cell. Viewing the “footprint” of the cell
all EGFP-containing vesicles were also phogrin positive greatly facilitates the study of near-membrane events,
(Figure 1B). We speculate that the few vesicles con- as the plasma membrane is parallel to the focal plane,
taining only EGFP, but not phogrin (two to three in the and a large number of stationary (docked) vesicles can,
example in Figure 1B), represent immature secretory accordingly, be observed. The voltage-clamp depolar-
vesicles in which EGFP accumulates due to partial satu-
ration of the sorting machinery.
LDCVs at the Plasma Membrane Are Less Mobile
Than Those in the Cell Center
When vesicle trafficking was studied in living INS-1 cells
at high temporal resolution (20–100 ms per frame), we
found significant variation with regard to mobility. Figure
2 and the corresponding supplemental movies S2a and
S2b (online at http://www.neuron.org/33/2/287/DC1)
show typical examples of vesicle trajectories during 10
s of recording in the cell center (panel A) and adjacent to
the patch of plasma membrane adhering to the coverslip
(panel B). It is clear that a large fraction of the vesicles
close to the plasma membrane are stationary, and
69%  7% of the vesicles moved less than 0.5 m in
10 s. By contrast, 78%  5% of the vesicles seen in the
cell center moved greater than 0.5 m during the same
10 s observation period (ppaired 104). However, even
in the center plane, some of the vesicles situated at the
cell periphery were immobile. Two such examples are
indicated by circles in Figure 2A. The maximum speed of Figure 2. Immobile Vesicles Are Found Preferentially at the Plasma
Membranevesicle translocation between two consecutive frames
was 1.5 m/s, similar to what has been reported by Confocal micrographs (left panels) and tracks of individual vesicles
during 10 s (right panels) from a confocal plane near the center (panelothers using high imaging frequencies (Tsuboi et al.,
A; see supplemental movie S2a online at http://www.neuron.org/33/2000; Oheim and Stu¨hmer, 2000). The immobile vesicles
2/287/DC1) or near the bottom (panel B; see supplemental moviein close contact with the plasma membrane likely corre-
S2b) of the same cell. Circles highlight vesicles that appeared to
spond to the docked vesicles previously identified by be immobile (docked) at the plasma membrane. A large area of
electron microscopy (Steyer et al., 1997; Plattner et al., diffuse fluorescence is indicated by the dotted line in the upper
panels.1997) and the vesicles visible in evanescent wave mi-
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Figure 3. Depolarization-Evoked Exocytosis Visualized by Confocal Microscopy
(A) Voltage-clamp Ca2 current (lower) elicited by a 300 ms depolarization from 70 mV to 0 mV (top).
(B) Whole-cell capacitance recording showing an increase of 120 fF during the depolarization.
(C) Confocal images of a single vesicle undergoing exocytosis synchronized with (A), (B), and (D). The inset (below) enlarges eight frames
taken at times before and after the disappearance of the vesicle. The depolarization was applied at the time indicated by the arrow.
(D) Mean fluorescence intensity of the area indicated by the circle superimposed on the left-most frame in (C).
(E) Three consecutive images (132 ms/frame) with a single vesicle undergoing exocytosis (arrow). Note the appearance of a “cloud” of
fluorescence in the middle panel that extends toward the image bottom.
(F) Confocal images of the same cell taken subsequently in three parallel planes (separated by 1 m in the z axis) immediately before and
after the onset of a 500 ms depolarization from 70 mV to 0 mV that elicited a capacitance increase of 120 fF. The bottom plane is designated
as the 0 m plane, and the planes above and below are indicated as the 1 m and 1 m planes, respectively. Arrows indicate vesicles
that disappeared during the depolarization. The dotted line highlights two vesicles that moved away from the plasma membrane, as indicated
by reduced fluorescence in the 0 m plane, disappearance in the 1 m plane, and unchanged fluorescence in the 1 m plane. See also
supplemental movie S3f online at http://www.neuron.org/33/2/287/DC1; white frame indicates onset of voltage-clamp depolarization.
Scale bars in (E) and (F) correspond to 1 m.
ization elicited a Ca2 current with a peak amplitude of not different from the background once release has been
completed, suggesting complete emptying of the vesicle.40 pA (Figure 3A) and a capacitance increase of 120
fF (Figure 3 B). The latter equates to the release of 30 It is unlikely that vertical movements of vesicles (i.e.,
out of the focal plane) can account for the rapid disap-vesicles using a conversion factor of four fF per vesicle,
as expected for a vesicle diameter of0.35 m (L. Elias- pearance of fluorescence. We estimate that the vesicles
would have to move at speeds greater than 30 m/s forson and P.R., unpublished), and a specific membrane
capacitance of 10 fF/m2. One of these events was cap- the fluorescence to disappear between two successive
frames (estimated from the point spread function [0.6tured by confocal microscopy (Figures 3C and 3D). The
fluorescence of this vesicle remained stable for several m] divided by the image interval [22 ms]). This is more
than 20-fold greater than the maximum speed observedseconds prior to the depolarization, upon which it disap-
peared during a single frame (22 ms). Disappearance of experimentally (see Figure 2A and associated text). This
conclusion is reinforced by the data in Figure 3F andthe vesicular fluorescence occasionally coincided with
the appearance of a cloud of more diffuse fluorescence. corresponding supplemental movie S3f (online at http://
www.neuron.org/33/2/287/DC1), which shows imagesThis we attribute to the emptying of the lumen and the
subsequent diffusion of EGFP away from the release captured just before and after application of a 500 ms
voltage-clamp depolarization from 70 mV to 0 mV.site. An example of an unusually well-resolved cloud is
illustrated in Figure 3E, which shows three consecutive The bottom plane (labeled 0 m), as well as the planes
immediately above (labeled1 m) and below (1 m),frames before, during, and after exocytosis. It is notable
that the cloud develops within a single frame and subse- were scanned sequentially in rapid succession (60 ms
per plane). The depolarization resulted in a capacitancequently disappears. It is also evident that the fluores-
cence in the zone previously occupied by the vesicle is increase of 120 fF, which corresponds to the release of
Neuron
290
30 vesicles. This coincided with the sudden disappear-
ance of at least six vesicles in the 0 m plane. None of
these vesicles reappeared in any of the neighboring
planes, making it very likely that they did indeed undergo
exocytosis. If vertical movements had accounted for
their disappearance, then speeds greater than 27 m/s
would have been required (1.6 m/60 ms; i.e., the dis-
tance required to move beyond the neighboring plane
[1 m], plus the point-spread function [0.6 m], divided
by the image interval [60 ms]). Interestingly, some of the
vesicles that did not undergo release appeared to move
away from the plasma membrane (circle), as witnessed
by fading of their fluorescence in the 0 m plane but
unchanged intensity in the 1 m plane.
Opening of the Fusion Pore Precedes
Cargo Release
We next investigated the time course of depolarization-
evoked emptying of individual secretory vesicles by ana-
lyzing a large number of experiments of the type dis-
played in Figures 3A–3D. In a series of 33 experiments
in which imaging was confined to the lowest 1 m of
the cell (i.e., the part of the cell adjacent to the coverslip),
a total of 68 disappearing LDCVs were detected. No
spontaneous events were observed, and sudden disap-
pearance of vesicle fluorescence always correlated with
voltage-clamp depolarizations. The accumulated la-
tency of the evoked events is plotted in Figure 4A. Only
about half of the release events took place during the
depolarization (shaded area). The time-dependent dis-
appearance of vesicular fluorescence could be de-
scribed by a single exponential with a time constant of
589  37 ms.
We next constructed the time course of the capaci-
tance increase by varying the duration of the voltage- Figure 4. Time Course of Exocytosis Evoked by a Voltage-Clamp
Depolarizationclamp depolarization, which went from 70 mV to 0
(A) Histogram of the delay between onset of the depolarization andmV, from 20 ms to 400 ms. As shown in Figure 4B,
disappearance of a vesicle. The analysis includes data from 33depolarizations as short as 20 ms produced a capaci-
experiments, with a total of 68 events. The shaded area indicatestance increase of 15 fF, and longer depolarizations
the duration of the depolarizations (500 ms). A single exponentialevoked progressively larger responses until a plateau
function n/n∞  1  et/ was fitted to the data (0–3.5 s), yielding a
was reached at pulse lengths of 200 ms. The rate of value of 589  37 for .
capacitance increase during the first 100 ms averaged (B) Exocytotic responses (	C, lower trace) recorded from single B
cells in response to 20–400 ms depolarizations (top trace) from70450 fF/s, which indicates a release rate of 100 vesicles
mV to 0 mV. The duration of the depolarizing pulses are given belowper second. The capacitance increase plateaued follow-
the capacitance trace.ing an increase of 62 3 fF, suggesting that the immedi-
(C) Mean capacitance increase for depolarizations of 20 ms, 50 ms,ately releasable pool contains 15 vesicles (see Barg
100 ms, 200 ms, and 400 ms (). Note that the capacitance increase
et al., 2001; Voets et al., 1999). The relationship between saturates for depolarizations 200 ms. Overlaid is a fitted exponen-
pulse length and the capacitance increase is summa- tial function 	C  	C∞(1  et/) with 62  3 fF for 	C∞ and 85 
9 ms for . The capacitance data have been superimposed on therized in Figure 4C (closed square). For comparison, we
fluorescence data of Figure 4A to facilitate comparison of the kinetics.show the cumulative histogram of the visually observed
exocytotic events during the first 900 ms after the onset
of depolarization (open circle). The increase in cell ca-
pacitance could be described by a single exponential ever, this is not typical, and in most cases, the vesicle
with a time constant of 85 ms. This is close to the time fluorescence transiently increased (“flash”) before dis-
course in other endocrine cells (A¨mma¨la¨ et al., 1993; appearing. In 26 cells, 74%  6% of the vesicles under-
Voets et al., 1999) but greater than 7-fold faster than going exocytosis disappeared with a “flash” (110 of 153
the 589 ms obtained for the emptying of the vesicles. events). The arrows in Figure 5A indicate two such
events, and the associated fluorescence changes are
shown in Figure 5B, illustrating the variation of both theirNeutralization of the Cargo Causes a Transient
Increase in Vesicle Fluorescence shape and duration (see also supplemental movie S5a
online at http://www.neuron.org/33/2/287/DC1).Figure 4 showed an example where stimulation of exo-
cytosis was associated with a rapid and monophasic Very rarely we observed transient increases in fluores-
cence that were not associated with the final disappear-decrease in fluorescence from a stable baseline. How-
Delayed Release in Regulated Peptide Exocytosis
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Figure 5. Transient Increase in Vesicular Fluorescence Immediately before Exocytosis
(A) Confocal images of the bottom plane. Two vesicles undergoing exocytosis are indicated by the arrows (see also supplemental movie S5
online at http://www.neuron.org/33/2/287/DC1).
(B) Traces of the fluorescence intensity of two individual vesicles highlighted in (A). Circled numbers indicate the time when the images were
recorded, as indicated in (A). The onset and duration of the 500 ms voltage-clamp depolarization from 70 mV to 0 mV is indicated above
the fluorescence recordings.
(C) Experimental conditions were as in (A). An example where the change in vesicular fluorescence was slow, reversible, and not associated
with release. See also supplemental movie S5c.
(D) As in (B), but note different time scale and that the final fluorescence intensity remained greater than 50% of the original value.
(E) Histogram of the duration of 153 events of flashing vesicles. The duration was defined as the time between onset of the fluorescence
increase and complete disappearance of fluorescence. A double-exponential fit to the data yielding time constants of 1.6 s (98% of events)
and 10 s (2% of events) has been superimposed.
(F) Histogram of the delay between onset of the depolarization and onset of the fluorescence increase. Flash events that were observed
during trains of depolarizations have been discarded from the analysis. A single-exponential with a time constant of 382 ms has been
superimposed.
Scale bars in (A) and (C) correspond to 1 m.
ance of the fluorescence (Figures 5C and 5D; see also the vesicular movements in the cell center (Figure 2A).
It can be speculated that these events reflect the ap-supplemental movie S5c. These events typically had a
much slower time course (3 s to reach peak fluores- proach of vesicles toward the plasma membrane that
did not, however, result in physical docking.cence) than those considered above. The maximum dis-
tance the vesicle could have moved during the image The fluorescence of EGFP is pH sensitive with an
optimum around pH 7 (Patterson et al, 1997), and it issequence is 0.6 m (i.e., the point spread function of the
microscope), and we can thus estimate that its velocity well established that the lumen of the LDCV is acidic
(pH 5.5); (Salama et al., 1980; Hutton, 1989). We thereforemust be less than 0.2 m/s, similar to that observed for
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reasoned that “flashes” could be due to pH neutraliza- cytosis in cells transfected with IAPP-EGFP after low-
ering extracellular pH to 6.0 (Figures 6E and 6F; seetion following the opening of the fusion pore with resul-
tant enhancement of EGFP fluorescence. If this were also supplemental movie S6e. Under these conditions,
emptying of the vesicles was associated with a transientthe case, then the onset of the transient increase would
reflect the opening of the fusion pore to an extent suffi- fluorescence increase in only 11%  7% of the release
events (four out of 27 events in nine different cells; p cient to allow exchange of protons. In addition, the dura-
tion of these events would provide an estimate of the 105 versus the 74%  6% observed at pH 7.4).
Three important conclusions can be drawn from theselifetime of the fusion pore, i.e., the time that elapses
between the opening of the fusion pore and the com- experiments: (1) Most vesicles have a pH around 6.0
and only 10% have a more acidic interior, (2) there isplete fusion of the vesicle with the plasma membrane.
Figure 5E shows the distribution of the duration of all a true delay between the onset of stimulation and cargo
release, and (3) the transient increase in fluorescence153 “flashes” observed at pH 7.4. Two-thirds of the
events lasted less than 2 s, but a few flashes lasted up observed prior to cargo release cannot be accounted
for by the approach of the vesicles to the plasma mem-to 12 s. A double-exponential function was fitted to the
histogram, yielding time constants of 1.6 s and 10 s. We brane (cf. Zenisek et al., 2000), in which case a transient
increase in fluorescence would precede release irre-also measured the delay between the onset of depolar-
ization and the first indication of a fluorescence in- spective of the pH dependence of the label.
crease. More than 70% of the flashes had a delay of
greater than 500 ms, and a single-exponential fit yielded Loss of Vesicles during Repetitive Stimulation
a time constant of 380 ms, i.e., 0.3 s more than the time We addressed the relationship between depletion and
constant for the capacitance increase (Figure 5F). refilling of RRP and exocytotic capacity by subjecting
a cell to two trains consisting of ten 500 ms depolariza-
tions. Secretion was monitored simultaneously as in-Neutralization of the Luminal pH Precedes
Cargo Release creases in cell capacitance (Figure 7A) and by confocal
imaging of vesicle dynamics (Figures 7B and 7C; seeAs remarked above, the transient increase in fluores-
cence might reflect an increase in intravesicular pH fol- also supplemental movie S7 online at http://www.neuron.
org/33/2/287/DC1). As expected, the exocytotic capac-lowing the opening of the fusion pore, which would lead
to the dequenching of EGFP. Indeed, addition of the ity rapidly declined during the train, and no further in-
crease in cell capacitance was detected following theweak bases methylamine (20 mM) or ammonium sulfate
(10 mM) to the extracellular solution resulted in a 2- to sixth stimulation. The total increase in cell capacitance
(	Cm) evoked by the first train was 170 fF, which is3-fold increase of the EGFP fluorescence, which re-
versed upon withdrawal of the compounds (Figure 6A). equivalent to the discharge of 40–45 vesicles in the entire
cell. Based on the strong “depression” of the capaci-It could therefore be argued that the delay we observe
between the onset of the depolarization and the sudden tance increase during the train, we assume that all vesi-
cles belonging to RRP were released by this protocol.disappearance of the vesicles simply reflects the mask-
ing of gradual cargo release by concomitant increase We correlated the decline in exocytotic capacity to
the release of individual vesicles at the cell bottom, asin EGFP fluorescence. Clearly, it is desirable to study
the kinetics of cargo release without the confounding outlined in Figure 3. The bottom segment of the cell
contained a total of 40 vesicles. Nine of these under-interference of pH-dependent changes of EGFP fluores-
cence. We therefore constructed an IAPP-emerald fu- went release during the first train (examples: vesicles
one through four in Figure 7B). Figure 7C shows thesion protein, which is much less affected by pH than
EGFP (Tsien, 1998; Han et al., 1999a). Addition of ammo- images taken before (panel one) and after the train (panel
two), as indicated in Figure 7A. It is obvious that numer-nium sulfate (10 mM) to cells transfected with IAPP-
emerald resulted in only a 26%  8% (n  4) increase ous (30) vesicles remained at the plasma membrane
at the end of the train, and the observed depressionin fluorescence (Figure 6A, light gray curve).
Cells expressing IAPP-emerald displayed the same can, therefore, not be explained as depletion of docked
vesicles. During the interval between the first and thevesicular fluorescence pattern as IAPP-EGFP-express-
ing cells (Figure 6B; see also supplemental movie S6b second pulse trains, the exocytotic capacity recovered,
and the second train evoked a total capacitance in-online at http://www.neuron.org/33/2/287/DC1). The
IAPP-emerald vesicles were also capable of calcium- crease of 95 fF (Figure 7A, right). It is of interest that
eight of the vesicles that were not released by the firstinduced exocytosis. An example of such an exocytotic
event evoked by a 500 ms depolarization is shown in train disappeared during the second train and that the
position of these vesicles remained stable for 2 minFigure 6B, and the corresponding trace of fluorescence
intensity is shown in Figure 6C. The decrease in fluores- prior to exocytosis (see traces five through eight). These
vesicles are highlighted in Figure 7C (panels three andcence corresponding to the release of IAPP-emerald
was sudden, and, unlike with IAPP-EGFP, not preceded four, taken as indicated in Figure 7A). Sometimes we
also observed a transient increase in vesicle fluores-by any detectable “flash.” The accumulated latency of
these events is plotted in Figure 6D and could be de- cence that was not followed by rapid decrease (vesicle
nine, see above). The majority of vesicles, as exemplifiedscribed by a single exponential with a time constant of
606  20 ms (Figure 6D, closed square). The data have by vesicles 10 and 11, did not respond to stimulation.
The bottom trace (no 12), finally, shows an example ofbeen superimposed on those obtained with the IAPP-
EGFP construct (taken from Figure 4A). It is obvious that the rare event when a vesicle moves into the field and
becomes immobilized, reminiscent of what has recentlythe delay is similar, irrespective of which fluorophore is
used. Finally, we studied depolarization-evoked exo- been reported in goldfish bipolar neurons (Zenisek et
Delayed Release in Regulated Peptide Exocytosis
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Figure 6. Transient Increase in Vesicle Fluorescence Is Due to pH Equilibration during Exocytosis
(A) Fluorescence recordings from entire cells expressing IAPP-EGFP (black and dark gray) or IAPP-emerald (EMD; light gray). During the times
indicated by bars, methylamine (20 mM, black bar) or ammonium sulfate ([NH4]2SO4; 10 mM, gray bars) was applied extracellularly.
(B) Confocal images of the bottom plane of a cell transfected with IAPP-emerald (IAPP-EMD). One vesicle undergoing exocytosis is indicated
by the arrow. Circled numbers indicate the time when the displayed images were recorded. See also supplemental movie S6b (online at http://
www.neuron.org/33/2/287/DC1)in which a white frame indicates onset of voltage-clamp depolarization of a train.
(C) Changes of fluorescence intensity in the vesicle displayed in (B). The onset and duration of the 500 ms voltage-clamp depolarization from
70 mV to 0 mV is indicated above the fluorescence recordings. Note rapid and monophasic drop in vesicle fluorescence.
(D) Histogram of the delay between onset of the depolarization and disappearance of the vesicle fluorescence recorded with IAPP-emerald
(). The analysis includes data from nine depolarizations. Overlaid is a fitted single exponential with 606  20 ms for . The data have been
superimposed on the corresponding fluorescence data of Figure 4A (obtained from IAPP-EGFP transfected cells; []). Note similar release
kinetics.
(E) Confocal images recorded in the bottom plane from a cell transfected with IAPP-EGFP. The pH of the extracellular solution was reduced
to 6. A single vesicle undergoing exocytosis is indicated by the arrow. See also supplemental movie S6e online.
(F) Fluorescence intensity of the vesicle highlighted in (E). Circled numbers indicate the time when the images were recorded as indicated in
(E). The onset and duration of the 500 ms voltage-clamp depolarization from 70 mV to 0 mV is indicated above the fluorescence recordings.
Note rapid and monophasic drop in vesicle fluorescence.
Scale bars in (B) and (E) correspond to 1 m.
al., 2000), but this vesicle did not undergo exocytosis periments, of which 13%  4% were released by the first
train and an additional 6%  2% by the second train.during the observation period.
In a series of eight experiments of the type shown in Thus, 80% of the vesicles remained at the plasma
membrane even after both trains.Figure 7, the capacitance increases elicited by the first
and second trains averaged 123  29 fF and 86 25 fF,
respectively. This suggests that RRP initially contained Release at the Bottom Is Representative
for the Entire Cell30 vesicles and that this pool recovered by two-thirds
during the 80 s interval. The total number of vesicles in the Due to reorganization of the cytoskeleton at the contact
zone with the glass coverslip, the properties of exo-bottom plane averaged 30  4 at the beginning of the ex-
Neuron
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Figure 7. RRP Is a Subset of the Docked Pool of Vesicles
(A) Two trains consisting of ten 500 ms depolarizations (frequency: 1 Hz) were applied with an interval of 80 s (top). The associated increases
in cell capacitance (	Cm) during each train are shown (below).
(B) Fluorescence intensities of 12 regions-of-interest (ROI) containing 12 representative secretory vesicles of the cell shown in (C). Note that
all these vesicles (except 12) are nearly stationary and the fluorescence traces are stable. The first train results in exocytosis of vesicles one
through four, whereas vesicles five through eight are released during the second train. The experiment shown is representative of a total of
eight similar experiments.
(C) Images taken at the bottom of the cell at the times indicated with the circled numbers. The vesicles have been labeled according to the
numbers used in (B). A total of nine vesicles disappeared during the first train depolarization, and eight during the second. Note that all these
vesicles were already present in panel 1, including those marked in panel 1. See also supplemental movie S7 online at http://www.neuron.org/
33/2/287/DC1, where white frames indicate onset of the first voltage-clamp depolarization of a train. Panels 1–4 in (C) were taken at times
indicated in (A).
cytosis and release at the bottom of the cell may be surface area. Measurements of cell capacitance indi-
cated that 30 vesicles underwent exocytosis duringdifferent from those in other areas of the plasma mem-
brane. However, the following considerations argue that the first train. Assuming that exocytosis is uniform, we
should expect to observe the exocytosis of approxi-this is not the case. The footprint area, i.e., the mem-
brane patch in direct contact with the coverslip, aver- mately three vesicles in the imaged footprint area (30 

0.086). This is in fair agreement with the 3.3  1.0 vesi-aged 47  7 m2. The total cell surface area in the
same cells averaged 550 m2 estimated from the cell cles actually seen to undergo release.
We also studied depolarization-evoked release at thecapacitance (5.5  0.5 pF and a specific membrane
capacitance of 10 fF/m2). Thus, the footprint area used periphery of a central segment of the cell that was not in
contact with the glass. Figure 8 (see also supplementalfor the imaging experiments comprised 8.6% of the cell
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Figure 9. Release of ProANF-EGFP from PC12 Cells
(A) Confocal images of the bottom plane of a voltage-clamped PC12Figure 8. Time Course of Release at Sites Not in Contact with the
cell transfected with EGFP-tagged, pre-proatrial natriuretic factorCoverslip
(proANF-EGFP). A vesicle undergoing exocytosis is indicated by the
(A) Confocal images of the center plane of a voltage-clamped INS-1 arrow. See also supplemental movie S9 online at http://www.neuron.
cell transfected with IAPP-EGFP. A peripheral vesicle undergoing org/33/2/287/DC1 . Note that a second vesicle is situated behind
exocytosis is indicated by the arrow. See also supplemental movie the one undergoing exocytosis. Scale bar corresponds to 1 m.
S8 online at http://www.neuron.org/33/2/287/DC1. The dotted line (B) Changes of fluorescence in the vesicle marked by the arrow in
marks the approximate location of the nucleus. Scale bar corre- (A). Circled numbers indicate the time when the displayed images
sponds to 2 m. were recorded. The onset and duration of the 500 ms voltage-clamp
(B) Trace of the fluorescence intensity of the vesicle marked with the depolarization from 70 mV to 0 mV used to trigger exocytosis is
arrow in (A). Circled numbers indicate the time when the displayed shown schematically above the fluorescence trace.
images were recorded. The onset and duration of the 500 ms volt-
age-clamp depolarization from 70 mV to 0 mV is indicated sche-
matically above the fluorescence trace.
vesicles and large-dense core vesicles (Ninomiya et al.,
1997). The PC12 cells were transfected with EGFP-
tagged preproatrial natriuretic factor (proANF-EGFP), asmovie S8 online at http://www.neuron.org/33/2/287/
has been described previously by others (Burke et al.,DC1) shows an example of such an experiment, which
1997; Han et al., 1999a, 1999b), and vesicle dynamicsis representative for 18 depolarizations (13 cells) and a
was studied by confocal imaging of the bottom planetotal of 23 detected release events. In agreement with
of the cell. Secretion was elicited by the application ofthe data obtained in the footprint area, peptide release
500 ms voltage-clamp depolarizations from 70 mV towas delayed by 2.6  0.5 s relative to the onset of
0 mV (Figure 9; see also supplemental movie S9 onlinethe depolarization and preceded by an increase in the
at http://www.neuron.org/33/2/287/DC1). In a series offluorescence signal in greater than 80% of the cases
seven experiments, ten exocytotic events were ob-(19 out of 23 events). This former value compares to a
served. In accordance with the observations made withdelay of 2.1  0.2 s (n  156) in the footprint area.
IAPP-EGFP in INS-1 cells, release of ANF was precededTaken together, these findings provide good evidence
by a large and transient increase in EGFP fluorescencethat exocytosis proceeds uniformly over the entire mem-
in 80% of the cases. The average delay between thebrane and that there is no preferential release at the
onset of the depolarization and vesicle disappearancebottom. Thus, it should be valid to restrict analysis to
was 2.5  0.5 s, which is 5-fold longer than the durationthe bottom plane, as has previously been done using
of the stimulus, similar to that observed in INS-1 cellsevanescent wave microscopy (Steyer et al., 1997; Oheim
(see above).et al., 1998; Han et al., 1999b; Zenisek et al., 2000; Tsuboi
et al., 2000).
Discussion
Kinetics of Peptide Release from PC12 Cells
Can these data derived from insulin-secreting INS-1 RRP Is a Subset of the Docked Pool
During intense and repetitive stimulation, the efficiencycells be extrapolated to neuropeptide release in gen-
eral? To answer this question, we studied neuroendo- of synaptic transmission rapidly declines, a phenome-
non referred to as depression (Katz, 1966). A similarcrine PC12 cells, a widely used model in neurobiology
(Greene and Tischler, 1976) that contains both synaptic behavior is observed in both adrenal chromaffin cells
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Figure 10. Schematic Explaining Exocytosis and Hormone Release
(A and B) Exocytosis of a docked vesicle involves the rapid (20 ms) opening of the fusion pore. The fusion pore is wide enough to enable
the detection of an increased cell capacitance, but not the export of the vesicle contents.
(C) Following the expansion of the fusion pore, which occurs after a mean delay of 380 ms (Figure 5F), protons exchange with the extracellular
medium, and the associated alkalinization of the vesicle interior accounts for the increase in EGFP fluorescence. The expanded fusion pore
has a mean lifetime of 1.6 s (given by the mean lifetime of the plateau of increased EGFP fluorescence).
(D) Marked dilation of the fusion pore or even complete fusion is required for release of bulky peptides.
(E) Space-filling models of (from left) cholecystokinin (CCK), the insulin monomer, GFP, and neuropeptide Y (NPY). The cylinders superimposed
on the models indicate the approximate dimensions of the fusion pore using a diameter of 2.4 nm (cf. Albillos et al., 1997) and a membrane
width of 7.5 nm. The space-filling models in (E) were generated using RasMol (http://www.bernstein-plus-sons.com/software/rasmol/).
(Voets et al., 1999) and pancreatic B cells (A¨mma¨la¨ et 20 ms, a transient enhancement of EGFP fluorescence
al., 1993) and has been interpreted as the depletion of with a delay of 400 ms, and the complete disappear-
RRP (Zucker, 1996; Neher, 1998). Using EGFP-labeled ance of vesicular fluorescence occurring 1–10 s later.
LDCVs, it became possible to study the nature of RRP, We propose the following scenario to account for the
its relationship to the docked vesicles, and the mecha- observed sequence of events (Figures 10A–10D). Ca2
nisms that underlie the replenishment of RRP. Although entering the cell triggers exocytosis, culminating in the
a train of five depolarizations is sufficient to almost en- establishment of the fusion pore within a few tens of
tirely deplete RRP, as demonstrated by the depression milliseconds (Figures 10A and 10B). Although the con-
of exocytosis, 87% of the docked vesicles remained at ductance of the pore is initially low and appears to re-
the plasma membrane at the end of the train. Thus, it strict the flow of protons, it allows detection of the in-
seems safe to conclude that RRP represents a subset creased cell capacitance. After an additional 0.3 s, the
of the docked pool. fusion pore expands sufficiently to allow pH neutraliza-
It is of interest that a second train, applied 80 s later tion of the vesicle lumen (Figure 10C), which accounts
to allow replenishment of RRP, released 6% of the for the increase in the fluorescence signal. The final
LDCVs that remained docked below the membrane after and sudden disappearance of vesicular fluorescence
the first train. The recovery of exocytosis was not associ- we attribute to the collapse of the secretory vesicle into the
ated with any major visible translocation of vesicles to- plasma membrane, allowing cargo release (Figure 10D).
ward the plasma membrane, suggesting that docking
is too slow to account for the replenishment of RRP.
Peptides Are Not Released Via the Fusion PoreFrom this, we infer that refilling of RRP involves chemical
It appears that the sequence of events described abovemodification of vesicles already in place. Steyer et al.
have mechanistic implications. Amperometric recordings(1997) and Oheim et al. (1998) have likewise demon-
of catecholamine release from chromaffin cells havestrated translocation of chromaffin vesicles toward re-
revealed a significant delay between the onset of a brieflease sites that had previously been depleted by exo-
stimulation and release (Chow et al., 1992; Fernandez-cytosis. However, this process was much slower than
Chacon and Alvarez de Toledo, 1995; Albillos et al.,the time course for the recovery of RRP, and it was
1997). The amperometric transients were often (50%–concluded that recovery does not require physical trans-
70% of the cases) preceded by a small “pedestal” thatlocation of secretory vesicles. The present data provide
was attributed to slow release of the vesicle contentsdirect experimental support of their conclusion.
via the fusion pore.
Analysis of capacitance flickers has indicated thatTime Course of Peptide Release
the fusion pore may exist for several seconds beforeIn response to membrane depolarization and Ca2 influx,
we observe an increased membrane capacitance within collapsing into the plasma membrane, thus completing
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Table 1. Molecular Dimensions of (Neuro-)Peptides and EGFP
Peptide Number of Residues Dimensions (nm) MMDB #
EGFP 237 5.1 
 3.7 
 3.5 6288
Insulin hexamer 6 
 51 5.3 
 5.2 
 4.1 12679
Insulin 51 3.2 
 3 
 2.5 3745
NPY 36 5 
 2.5 
 1.5 14279
PACAP 21 3.5 
 1.7 
 1.1 16259
Natriuretic peptide 28 2 
 2 
 1.2 243
CCK 9 2.1 
 1.3 
 1.3 11560
Parathyroid hormone- 34 5 
 2.5 
 1.7 10235
related peptide
Oxytocin 2 
 10 2.5 
 1.9 
 1.1 2465
Human GH 191 6.2 
 4.1 
 3.5 6975
Number of residues, molecular dimensions, data base accession number (MMDB#) of EGFP, and a selection of hormones and neuropeptides.
the fusion process (Lollike et al., 1998; Scepek et al., molecules while retaining the peptide contents (see Wil-
liams and Webb, 2000).1998). The latter duration is comparable to the duration
of the transient fluorescence increase preceding pep- The significance of our observations may not be lim-
ited to peptide release in PC12 and INS-1 cells but maytide release (less than 10 s; see Figures 5E and 5F). The
conductance of the fusion pore ranges between 200 be extended to peptidergic neurotransmission in the
CNS. Fast release of classical neurotransmitters de-and 500 pS (Albillos et al., 1997), corresponding to pore
diameter of 1.5–2.4 nm. Although protons (diameter: 0.1 pends on the tight coupling of voltage-gated Ca2 chan-
nels to the synaptic vesicles in the active zone (Levitannm) can be efficiently exchanged through the fusion
pore, high molecular weight neuropeptides and hor- and Kaczmarek, 1991). The slowness of peptidergic
transmission (greater than 1 s rather than less than 1mones remain trapped within the vesicles. Given that
vesicular fluorescence in the IAPP-emerald experiments ms; compare Bollmann et al., 2000 and Ohnuma et al.,
2001) has been attributed to the greater distance ofwas stable for greater than 2 s following membrane
depolarization (Figure 6C and associated text), while neuropeptide-containing LDCVs from the active zone
(Ho¨kfelt et al., 2000) with resultant diffusional delay.capacitance measurements indicated establishment of
the fusion pore in 200 ms (Figure 4C), it seems safe Here, we demonstrate that the exocytotic fusion of LDCV
occurs with a time course only 10-fold slower than seento conclude that peptides cannot exit via the fusion pore.
Otherwise, a gradual loss of fluorescence, commencing in fast neurotransmission (10 ms versus 0.5 ms; see,
for example, Bollmann et al., 2000). It therefore appearswith a brief delay, would have been expected. Large
molecules, including neuropeptides and hormones, are that 99% of the delay seen in peptidergic neurotransmis-
sion has reasons other than slow exocytosis. Althoughonly released following extensive dilation (4 nm) of the
fusion pore or even complete collapse of the vesicle postsynaptic mechanisms undoubtedly contribute to
this delay (Ohnuma et al., 2001), the present findingsinto the plasma membrane (Figure 10D). This is because
the molecular dimensions of peptides such as IAPP, suggest that slow exit of the neuropeptides from the
secretory vesicles provides an additional explanation.insulin, neuropeptide Y (NPY), and many others are
larger (see Table 1) than the estimated diameter of the
Experimental Proceduresfusion pore (less than 2.4 nm; see Figure 10E).
Vector Design
General Implications and Relevance for Neurons In order to target EGFP to the insulin secretory pathway, an IAPP-
We demonstrate here that cargo release can temporally EGFP fusion cDNA was created. IAPP is endogenously expressed
in B cells, routed to insulin-containing secretory vesicles, and se-be separated from the fusion event (Figure 3). It is there-
creted in parallel with insulin (Lukinius et al., 1989). A pGEM-7Zffore conceivable that under certain conditions, capaci-
vector (Promega) carrying nucleotides 65–1462 of the human IAPPtance measurements may report falsely high rates of
cDNA (accession no. NM 000415) was subjected to oligo-basedexocytosis, and this could explain why these recordings
mutagenesis (Quickchange kit, Stratagene) to create a unique PinAI
have suggested release rates far beyond those ex- site at position 397 to 402, one base pair (bp) upstream of the stop
pected from biochemical assays (A¨mma¨la¨ et al., 1993). codon. The oligonucleotide used was 5 GAGAGCCACTGAATTACT
TACCGGTTTAGAGGACAATG 3 (PinAI site underlined). A 337 bpThus, changes of cell capacitance, at least in the case
HindIII/PinAI fragment containing the preproIAPP coding sequenceof exocytosis of LDCV, should be viewed as an indicator
was subsequently isolated and cloned into a HindIII/PinAI-digestedof membrane fusion rather than release (Angleson et al.,
pEGFP-N1 vector (Clontech), rendering an IAPP-EGFP fusion cDNA1999). Another important implication of this observation
under the control of the immediate early promoter of CMV. The
is that secretion may be controlled at a level beyond resultant IAPP-EGFP predicts a fusion protein in which protease
membrane fusion. In this context, it is of great interest recognition sites in the IAPP sequence are proteolytically processed
(Lukinius et al., 1989; see Figure 1A). The IAPP-emerald constructthat activation of protein kinase C and moderate (1.5
was generated by excision of EGFP from IAPP-EGFP with AgeI andM) elevation of the cytoplasmic Ca2 concentration
PinAI and subsequent replacement with the corresponding AgeI/accelerate fusion-pore expansion (Scepek et al., 1998;
PinAI fragment of proANF-emerald (Han et al., 1999a).Ales et al., 1999) and that solubilization of the dense
core granule cargo prolactin depended on the level of Cell Culture and Transfection
cytosolic cAMP (Angleson et al., 1999). Such a late regu- Except for the experiments in Figure 9, all recordings were per-
formed on clonal, insulin-releasing INS-1 cells. These cells representlation may allow selective release of small transmitter
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a widely used model for endocrine exocytosis and share numerous dau-Neher technique as implemented by the “Sine  DC” feature
of the lock-in software module (Lindau and Neher, 1988). The ampli-features of neurotransmitter release and hormone release from other
neuroendocrine cells (Asfari et al., 1992; Lang 1999). Many of the tude of the sine wave was 20 mV and the frequency set to 500 Hz.
proteins that are involved in the regulation of neurotransmitter re-
lease have been identified in INS-1 cells and participate in exo- Image Analysis and Statistical Evaluation
cytosis. These include the SNARE proteins synaptobrevin (VAMP), Vesicles undergoing exocytosis were detected by eye by rapidly
SNAP-25, syntaxin, -SNAP, and the putative, Ca2-sensing protein replaying the movies in the forward and the reverse direction. The
synaptotagmin (Lang, 1999). fluorescence intensity was then determined by defining a circular
INS-1 cells (passages 85–106) were grown in RPMI 1640 medium region-of-interest (ROI) of about twice the vesicle diameter at the
(11 mM glucose; Gibco BRL) supplemented with 10% fetal calf spot where the event occurred. The data are displayed either as
serum (FCS), streptomycin (100 g/ml), penicillin (100 g/ml), and the mean of the ROI (8 bit resolution, except in Figure 6A, where
2-mercaptoethanol (50 M). INS-1 cells were transfected with resolution was 12 bit) or the fraction of the initial fluorescence (F/F0).
the IAPP-EGFP or the IAPP-emerald constructs using DOTAP or Exponential functions to the histograms were fitted using Origin 6
FuGENE (Boeheringer Mannheim/Roche) according to the protocols (Microcal, Northampton, MA, USA). Data are quoted as the mean
of the manufacturers. For confocal microscopy, the cells were re- values  SEM of indicated number of experiments or cells as indi-
plated on glass cover slips 36–72 hr after transfection. In 70% of cated. Statistical significance was evaluated by Student’s t test.
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